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N3-methyladenine (3-mA) is a cytotoxic lesion formed by the reaction of DNA with many methylating agents, including
antineoplastic drugs, environmental agents and endogenously generated compounds. The toxicity of 3-mA has been attributed
to its ability to block DNA polymerization. Using Me-lex, a compound that selectively and eﬃciently reacts with DNA to aﬀord
3-mA, we have observed in yeast a mutational hotspot at the 5 -terminus of an A4 tract. In order to explore the potential role of
sequence-dependentDNApolymerasebypassof3-mA,wedevelopedaninvitrosystemtoprepare3-mAmodiﬁedsubstratesusing
Me-lex. We detail the eﬀects of 3-mA, its stable isostere analogue, 3-methyl-3-deazaadenine, 3-deazaadenine and an THF abasic
site on DNA polymerization within an A4 sequence. The methyl group on 3-mA and 3-methyl-3-deazaadenine has a pronounced
inhibitory eﬀect on DNA polymerization. There was no sequence selectivity for the bypass of any of the lesions, except for the
abasic site, which was most eﬃciently by-passed when it was on the 5 -terminus of the A4 tract. The results indicate that the weak
mutational pattern induced by Me-lex may result form the depurination of 3-mA to an abasic site that is bypassed in a sequence
dependent context.
1.Introduction
N3-Methyladenine (3-mA1) is a quantitatively signiﬁcant
DNA adduct formed from the reaction of many methylating
agents, including antineoplastic drugs, and environmental
and endogenous compounds [1–7]. Because 3-mA is nor-
mally formed in combination with a large number of other
DNA lesions, including N7-methylguanine [7-mG), O6-
methylguanine (6-mG), N7-methyladenine (7-mA) and N1-
methyladenine(1-mA)[7–9],ithasbeendiﬃculttoquantify
its contribution to the toxicity and mutagenicity of promis-
cuous methylating agents. Moreover, 3-mA hydrolyzes oﬀ
D N Aa ta na p p r e c i a b l er a t e( t1/2 = 24 hours) at neutral
pH and physiological temperature, yielding abasic sites on
the DNA and released 3-mA in solution [10]. The rate of
hydrolysisisdependentonwhethertheadductisinsingle-or
double-stranded DNA [11], the former being closer to what
polymerases encounter at a replication fork. For example, 3-
m-dAhasat1/2 of35minutesatpH7(37◦C)[11].Therefore,
it has not been possible to perform biochemical polymerase
studies with single-stranded DNA templates that are site
speciﬁcally modiﬁed with 3-mA.
In a previous study on the potential eﬀect of 3-mA
on DNA replication, methyl methanesulfonate (MMS) and
dimethyl sulfonate (DMS), which predominantly react with
DNA to produce N7-methylguanine, were used to methylate
poly(dA-dT) [12]. Under these conditions, the heteropoly-
mer contained a mixture of 3-mA, 1-methyladenine and
N7-methyladenine adducts in a ratio of 16:3:1. Nucleotide
incorporation using E. coli DNA polymerase I decreased
proportionally to the level of total methyl lesions and/or
abasic sites. The authors concluded that 3-mA lesions
were likely to be responsible for some of the reduction of
DNA polymerization. In another related study, DMS and2 Journal of Nucleic Acids
N-methyl-N
 -nitro-N-nitrosoguanidine(MNNG)wereused
to methylate single-strand primed M13mp2 templates and
double-stranded templates, and these templates used with
E. coli DNA polymerase I or AMV reverse transcriptase
[13]. MNNG produces a complex array of lesions, includ-
ing N7-methylguanine, 3-mA, O6-methylguanine and O4-
methylthymine in double- and single-stranded DNA [7–
9]. The results of these studies showed that polymerization
predominantly stopped one base before adenine residues
[13]. Heating of the DNA generated additional termination
sites one nucleotide before G, presumably because heating
caused depurination of 7-mG to an abasic site that blocked
polymerization. In both studies, the DNA is damaged at
multiple bases and/or at multiple sites, and there is no
control over the depurination.
To overcome some of the ambiguities associated with
previous attempts to study the eﬀect of 3-mA on DNA
polymerization and to better understand the potential eﬀect
ofsequenceonpolymerizationpastthelesion,wehavedevel-
oped a method to generate 3-mA in situ using {1-methyl-
4-[1-methyl-4-(3-methoxysulfonyl-propanamido)pyrrole-
2-carboxamido]pyrrole-2-carboxamido}propane (Me-lex),
a compound that reacts selectively in the minor groove
of double-stranded DNA to eﬃciently generate 3-mA at
A/T rich sequences [14]. We report for the ﬁrst time the
construction of single-strand DNA templates selectively
substituted with 3-mA and the eﬀect of this lesion on DNA
polymerases within an 5 -CA4C tract previously identiﬁed
as a hotspot for Me-lex induced p53 mutations in a yeast
shuttle vector assay [15, 16].
In a recent study, it was reported that 3-methyl-3-
deazaadenine (3-m-c3A), a neutral isostere of 3-mA, rep-
resented a signiﬁcant kinetic block to puriﬁed human
replicative polymerases Polα and Polδ in a nonrepetitive
sequence [17]. However, the human TLS polymerases η, ι,
and κ were capable of weak (at least 2 orders of magnitude
lower) insertion opposite, and extension from, 3-m-c3-dA.
We have extended these studies by determining how 3-
m-c3A, 3-deazaadenine (c3A) and a THF abasic site aﬀect
polymerization when the lesions are at diﬀerent positions
within an A4-tract.
2.MaterialsandMethods
2.1. Materials. HPLC puriﬁed 5 -Cy5-labeled DNA primers
were purchased from MWG Biotech (Table 1 for sequences).
The 3-m-c3-dA phosphoramidite was prepared as previously
described [18], and the other modiﬁed phosphoramidites
purchased from Glen Research (Sterling, VA). Unmodiﬁed,
c3A, 3-m-c3A and THF-modiﬁed templates were synthesized
and puriﬁed at either the University of Nebraska Medical
Center or the University of Pittsburgh DNA core facilities.
The modiﬁed oligomers were analyzed by MALDI-TOF-MS.
T7 Sequenase and Klenow fragment, both lacking 3  → 5 
exonuclease activity, were purchased from USB (Cleveland,
OH).Klenow fragment polymerase with exonuclease activity
was purchased from Promega (Madison, WI). Yeast Polη was
purchased from Enzymax LLC (Louisville, KY).
2.2. Generation of 3-mA Containing Templates. The template
DNA (100nM) was annealed to a 10nt duplex forming
oligomer (DFO) (200nM) and the primer (100nM) in
40mM Tris-HCl (pH 7.5) containing 20mM MgCl2 and
50mM KCl (see Table 1 for sequences). After annealing, the
reactions were maintained at 4◦C and treated with a chilled
solutionofMe-lexinanhydrousDMSO(ﬁnalconcentration:
0, 0.60, 1.25 and 2.50mM), with the amount of DMSO
not exceeding 10% of the ﬁnal volume. The reactions were
maintained at 4◦C for the time speciﬁed prior to performing
the methylation analyses or polymerase assays. For control
purposes in the methylation studies, the DFO was omitted
or a full-length complementary strand was included in place
of the 10nt DFO. The sites of Me-lex methylation were
determined in a 5 -[32P]-template strand (end labeled with
T4 kinase and [γ-32P]-ATP) by generating C, G and ladder
marker lanes using THF-OOH [19], DMS [20] and hot
formic acid followed by piperidine [20], respectively.
2.3. Nucleotide Polymerase Run-Up Assay. The 5 -Cy5-
labeled 20nt primer (P20, 200nM) was annealed to unmod-
iﬁedtemplate(Table 1,100nM)intheabsenceorpresenceof
the DFO (200nM), or to the c3A, 3-m-c3A or THF modiﬁed
templates (100nM). The 3-mA lesion was introduced into
the unmodiﬁed template strand as described above. For T7
Sequenase, 30μL reactions included 40mM Tris-HCl (pH
7.5) containing 20mM MgCl2, 50mM KCl, 0.1mM DTT
and various concentrations of polymerase and dNTPs. For
Klenow fragment (exo−), 30μL reactions included 50mM
Tris-HCl (pH 7.2) containing 10mM MgSO4, 0.1mM DTT
and various concentrations of polymerase and dNTP. For
Polη,3 0 μL reactions included 40mM Tris-HCl (pH 8),
10mM MgCl2, 60mM KCl, 250μg/mL BSA, 2.5% glycerol,
10mM DTT and various concentrations of polymerase and
dNTPs.
The incubations were initiated by the addition of the
dNTP mix at 37◦C (unless stated otherwise) and reactions
were terminated by the addition of 10μL of 200mM EDTA
and heating to 90◦C for 2 minutes to denature the enzymes.
All reactions were concentrated by speed vacuum and then
10μLofloadingbuﬀer(95%formamide,0.1%bromophenol
blue and 20mM EDTA) added. Reactions were heated at
95◦Cf o r4m i n u t e sa n dl o a d e do na1 5 %d e n a t u r i n g
polyacrylamide gel that was run at 60W for 4 hours. Gels
were imaged on a Molecular Dynamics Typhoon ﬂuorescent
scanninginstrument(Sunnyvale,CA)andanalyzedusingGE
Healthcare ImageQuant Software (Piscataway, NJ).
2.4.InsertionAssaysfor3-mA. Tomeasureinsertionopposite
3-mA, the lesion was generated as described above. The
Cy-5 labeled 25nt primer (P25, 400nM) was annealed to
the Me-lex methylated template at 30◦Cf o r2m i n u t e s .I n
these experiments, the 3 -terminus of the primer partially
overlaps with the DFO. The primer displaces the DFO
upon heating to 37◦C when the polymerase and dNTPs
are added because of its greater thermal stability relative
to the DFO at the higher temperature and because it is
present in higher concentration than the DFO. The 30μLJournal of Nucleic Acids 3
Table 1: Sequences of oligomers and primers used in the studies.
Oligomer name Sequence Length Modiﬁcation
Primers
P20 5  CCG TAG GAC TGC CGT AGT GC 3  20nt 5 -Cy5
P23 5  CCG TAG GAC TGC CGT AGT GCT GG 3  23nt 5 -Cy5
P24 5  CCG TAG GAC TGC CGT AGT GCT GGT 3  24nt 5 -Cy5
P25 5  CCG TAG GAC TGC CGT AGT GCT GGT T 3  25nt 5 -Cy5
P26 5  CCG TAG GAC TGC CGT AGT GCT GGT TT 3  26nt 5 -Cy5
P27 5  CCG TAG GAC TGC CGT AGT GCT GGT TTN 3  (N = C, G, T or A) 27nt 5 -Cy5
Templates
Unmodiﬁed 5  ATC CAA CCT GTA TCA TAC TTA CCA AAA CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt —
3-m-c3A/24 5  ATC CAA CCT GTA TCA TAC TTA CCA AAXCCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = 3-m-c3A
3-m-c3A/25 5  ATC CAA CCT GTA TCA TAC TTA CCA AXA CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = 3-m-c3A
3-m-c3A/26 5  ATC CAA CCT GTA TCA TAC TTA CCA XAA CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = 3-m-c3A
3-m-c3A/27 5  ATC CAA CCT GTA TCA TAC TTA CCX AAA CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = 3-m-c3A
c3A/24 5  ATC CAA CCT GTA TCA TAC TTA CCA AAX CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = c3A
c3A/25 5  ATC CAA CCT GTA TCA TAC TTA CCA AXA CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = c3A
c3A/26 5  ATC CAA CCT GTA TCA TAC TTA CCA XAA CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = c3A
c3A/ 2 7 5  ATC CAA CCT GTA TCA TAC TTA CCX AAA CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = c3A
THF/24 5  ATC CAA CCT GTA TCA TAC TTA CCA AAX CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = THF
THF/25 5  ATC CAA CCT GTA TCA TAC TTA CCA AXA CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = THF
THF/26 5  ATC CAA CCT GTA TCA TAC TTA CCA XAA CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = THF
THF/27 5  ATC CAA CCT GTA TCA TAC TTA CCX AAA CCA GCA CTA CGG
CAG TCC TAC GG 3  50nt X = THF
DFO 5 -TGGTTTTGGT 10nt
reactions included 40mM Tris-HCl (pH 7.5), 20mM MgCl2,
50mM KCl, 0.1mM DTT and 500μMd N T Pm i xa n dw e r e
r u nf o r5t o2 0m i n u t e sa t3 7 ◦C. Reactions were stopped
with 10μL of 95% formamide, 0.1% brom0phenol blue,
and 20mM EDTA solution. The resulting polymerization
product and substrate DNA were separated using an 8 M
urea, 15% polyacrylamide denaturing gel. The gels were
imaged on a Typhoon ﬂuorescent scanning instrument and
analyzed using ImageQuant Software. Polymerase and DNA
concentrations were adjusted to achieve less than 30%
consumption of the substrate and the DNA concentration
was varied from 0 to 1μM.
2.5. Insertion and Extension Assays with 3-m-c3A, c3Aa n d
THF (Abasic Site) Modiﬁcations. The insertion studies using
T7 Sequenase, Klenow fragment (exo− and exo+)a n dP o l η
were done as described above, except the lesions were
individually substituted for each of the four A’s within the A4
sequence. Primer-20 was used for the runup studies. Primers
P23-26 were used to determine the preferential insertion
opposite the lesions at position 24–27. For extension from
c3A, 3-m-c3A and THF lesions paired with A, G, C or T,
100nM of the 5 -Cy5 labeled P-27 primer (Table 1)w a s
annealed to 100nM of unmodiﬁed, or c3A, 3-m-c3Ao r
THF substituted templates. In all experiments, polymerase
was added and allowed to load for 1 minute, and reactions
initiated by the addition of dNTPs. Reactions were stopped
by addition of 10μL of 95% formamide, 0.1% bromphenol
b l u ea n d2 0m ME D T A .R e a c t i o n sw e r eh e a t e dt o9 5 ◦Cf o r4
minutes, immediately chilled on ice and then loaded on a 84 Journal of Nucleic Acids
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Scheme 1: Preparation of a single-stranded DNA template modiﬁed with 3-methyladenine (3-meA) within an A-tract. The template strand
is annealed to a duplex forming oligomer (DFO) that creates a transient 10 base pair duplex centered at the A4 target sequence. This allows
eﬃcient methylation at the 3-position of adenine at 4◦C by Me-lex, which selectively methylates double-stranded DNA in the minor groove
at A/T rich sequences. The two 5 -A’s are heavily and equally methylated at the N3-position. The 3-mA lesion is stabilized within the duplex
region and is revealed in the single-stranded template needed for the polymerase studies by warming the reaction temperature to 37◦Ci nt h e
presence of the primer, which results in the melting of the DFO and the annealing of the primer. The reaction is initiated by the sequential
addition of polymerase and dNTPs.
M urea 15% polyacrylamide denaturing gel and run at 60W
for 4 hours. Gels were imaged on a Typhoon (Amersham-
Biosciences) ﬂuorescent scanning instrument and analyzed
using the ImageQuant Software.
3. Results
3.1. Generation of 3-mA by a Modiﬁed Template. When
3-mA is formed in single-stranded DNA or as the 2 -
deoxynucleoside,itissubjecttohydrolysisevenatneutralpH
and room temperature. This instability prevents the prepa-
ration of substrates by standard solid phase oligodeoxynu-
cleotide synthesis using phosphoramidite intermediates.
However, 3-mA is signiﬁcantly more stable, almost 40-fold,
in double-stranded DNA [11]. Therefore, a scheme was
devised to generate a transient double-stranded DNA region
on a single-strand DNA template that would serve as a site
for methylation by Me-lex and maintain the lesion in a
duplex environment until polymerase studies were initiated
(Scheme 1). Because Me-lex selectively forms 3-mA lesions,
but only reacts to a signiﬁcant extent with A’s that are
in A/T rich runs in double-stranded DNA, the template
strand was designed with only one Me-lex binding site,
that is, an A4 tract. A 10nt DFO (Table 1) was annealed
to the single-stranded DNA template to generate a double-
stranded region with a TM of 31◦C in the buﬀer system used
to measure DNA polymerase activity. The target sequence
included a 5 -CAAAAC track (Scheme 1) that was previously
identiﬁed as a hotspot for Me-lex induced p53 mutations in
a yeast shuttle vector assay [15, 16].
The methylation pattern of Me-lex on the single-
stranded DNA template strand in the presence and absence
of the DFO, and with a full complementary strand is
shown in Figure 1. The location and abundance of the 3-
mAadductswasrevealedbydenaturingPAGEusinga5 -32P-
DNA template by initially heating the DNA at pH 7.0 at 90◦C
for 20 minutes to convert 3-mA lesions into abasic sites and
conversion of the abasic sites into strand breaks by heating
the DNA with hot piperidine [20]. The G, C and cleavage
ladder lanes are included to map the location of the strand
breaks.
In the absence of the DFO or full complementary strand
(Figure 1, identiﬁed as none), virtually no methylation ofJournal of Nucleic Acids 5
.
.
.
.
L
a
d
d
e
r
DFO
Complementary
strand
Me-lex
(mM)
12 24 12 24 24
None
G
C
0
0
4◦C4 ◦C 20◦C
2
.
5
2
.
5
2
.
5
0
2
.
5
2
.
5
1
.
5
0
.
5
2
.
5
0
.
5
1
.
5
Incubation
time (h)
3
—
A
C
C
C
C
T
T
C
A
T
C
T
A
T
G
—
5
.
.
.
A-27
A-26
A-25
A-24
A-30
A-36
3
—
A
C
C
C
C
T
T
C
A
T
C
T
A
T
G
—
5
.
.
.
A-27
A-26
A-25
A-24
A-30
A-36
Figure 1: The A4 tract sequence is methylated selectively by Me-lex at A-27 and A-26. Maxam-Gilbert chemical sequencing of methylation
pattern in 5 -[32P]-labeled unmodiﬁed sequence (Table 1)b yM e - l e xa t4 ◦Ca n d2 0 ◦C with 12 or 24 hours incubation times in the presence
of: the 10nt duplex forming oligomer (DFO), which overlaps with underlined bases on the labeled strand, with 0.5, 1.25 or 2.5mM Me-lex
(12 hours) or 0 or 2.5mM Me-lex (24 hours); the full complementary strand with 0, 1.25 or 2.5mM Me-lex (12 hours) or 0 or 2.5mM
Me-lex (24 hours); no complementary strand (none) with 0 or 2.5mM Me-lex (24 hours). Sequencing lanes (G, ladder and C) are on right.
the DNA by up to 2.5mM Me-lex is observed. With
the full complementary strand, the methylation occurs
predominantly at the two 5 -A’s (A-26 and -27) of the
A-tract, but there are bands at other A’s (e.g., A-30, A-
36) within shorter A/T regions that are in the template
sequence. When the 10nt DFO is used to create a regional
double-stranded region on the template, the methylation
is more intense at A-26 and A-27, with approximately
33% of the total label being associated with each of the
A’s using 2.5mM Me-lex for 12 hours at 4◦C. There is
approximately 30% of unreacted (i.e., nonmethylated DNA
at the top of the gel). The equivalent levels of methylation
at A-26 and A-27 indicate that there is only one adduct
per template strand. At longer incubation times or higher
concentrations of Me-lex, the intensity of the lower band
at A-26 starts to predominate because there is slightly
more than one methylation event per strand; when there
are two lesions on the same strand only the one closest
to the 5 -label is observable. It is not known if an A/T
sequence that has already been methylated in the minor
groove is a good equilibrium-binding site for the Me-lex.
We expect not because the methyl group would protrude
out into the groove and interfere with the H-bonding
and van der Waals interactions between the Me-lex and
the DNA minor groove. This is reasonable since the 2-
amino group on G has an inhibitory eﬀect on lex dipeptide
binding, which accounts for the sequence selectivity of Me-
lex for A/T sequences [21, 22]. It should be noted that
the Me-lex methylated template may contain small amounts
of abasic sites due to spontaneous depurination of 3-mA.
Based upon our previous studies, this process would be
minimal at 4◦C since the lesion has a t1/2 greater than 24
hours at 20◦C[ 23]. Because of the instability of 3-mA,
the methylated templates were prepared immediately before
use. Therefore, each methylated template used in the studies
may be modiﬁed to diﬀerent extents, although the relative
amounts of methylation at diﬀerent sites within the template
will not vary.
In conclusion, conditions required for a single methy-
lation event per strand at either A-26 or A-27 were found.
This is a fundamental requirement for the enzymatic studies
described below. However, there is nonmethylated DNA6 Journal of Nucleic Acids
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Figure 2:The3-mAlesionblocksDNApolymerizationbyT7Sequenase(T7)andKlenowfragmentexo− (K)polymerase.(a)DNAtemplate
( 1 0 0n M )w a st r e a t e dw i t h0o r2 . 5 0m MM e - l e xf o r1 2h o u r sa t4 ◦C in the presence or absence of the DFO: 3-mA forms at A-26 and A-27
only when the DFO is present (Figure 1). The runup polymerization assay was initiated by raising incubation temperature to 24 or 37◦C
and the addition of 5 -Cy5-primer (200nM) and dNTPs (0 or 100μM). Polymerization experiments with T7 Sequenase and and Klenow
fragment (exo−) were run for 5 or 10 minutes. (b) The Me-lex (0, 0.6, 1.25 or 2.50mM) treated DNA was used to extend 5 -Cy5-primer in
the absence (−)o rp r e s e n c eo f1 0 0μMd N T P sf o r5o r1 0m i n u t e sa t3 7 ◦C using T7 Sequenase. The polymerase is blocked prior to insertion
opposite positions-26 or -27, which are heavily methylated by Me-lex (Figure 1).
in the incubations that results in a background in the
polymerase studies on 3-mA modiﬁed templates. Because
we wanted to probe how 3-mA would eﬀect polymerization
within an A-tract, this complication was unavoidable.
3.2. Polymerization of T7 Sequenase, Klenow Fragment
(exo−)a n dP o l η Polymerases Past 3-mA. After the 12 hours
incubation with solvent (control) or 2.5mM Me-lex, the
template was immediately used in the polymerase studies.
This involves the addition of the 5 -Cy5-labeled primer and
polymerase,withpolymerizationinitiatedbyelevationofthe
reaction temperature to 37◦C (unless stated otherwise) and
addition of the dNTPs. It should be noted that the primer
often runs as a doublet in the presence of polymerase when
no dNTPs are added. Without the polymerase, a single band
is observed with the same labeled primer.
Preliminary incubations were run with unmodiﬁed
templates (no Me-lex) to demonstrate that the 10nt DFO,
which was designed with a TM of 31◦Cs oi tw o u l d
dissociate oﬀ the template at 37◦C, did not interfere with
polymerization. Accordingly, in these incubations with T7
Sequenase and Klenow fragment (exo−) there is extension
product (Figure 2(a)). In contrast, with Me-lex treatment
there is a strong block to the polymerase in both the 5 and 10
minutesincubations(Figure 2).Theblockoccursbeforeeach
of the two 5 -A’s that are targeted for methylation by Me-
lex (Figure 2(b)). The bands corresponding to polymerase
blocks occur at A-25 and A-26. The band at A-26 arises
because either A-26 or A-27 is methylated on each strand
(Figure 2(b)). The similar intensities of the bands at A-25
and A-26 are consistent with the equivalent methylation of
A-26 and A-27 (Figure 1). As an additional control, the block
does not occur if the DFO is not included, or in reactions
with the DFO but where Me-lex is omitted (Figure 2(a)). To
precisely calculate the extension past the 3-mA lesion it is
necessary to accurately know how much of the template is
nonmethylated. Since this is not possible in each incubation
reaction, a precise kinetic description of the bypass eﬃciency
for T7 Sequenase is not possible. Despite this limitation for
precise quantiﬁcation, 3-mA is clearly a potent block of DNA
polymerization.Journal of Nucleic Acids 7
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Figure 3: The eﬀect of 3-mA on DNA polymerization by Polη.
The DNA template (100nM) was treated with 0, 1.25 or 2.5mM
Me-lex for 12 hours at 4◦Ci nt h ep r e s e n c e( + )o ra b s e n c e( −)
of the DFO: 3-mA forms at A-26 and A-27 only when DFO
is present (Figure 1). The runup polymerization was initiated by
raising incubation temperature to 37◦C and the addition of 5 -
Cy5-primer (200nM) and dNTPs (0 or 100μM). Polymerization
experiments were run for 10 or 20 minutes. The polymerase is
blocked at the methylated adenines, which is also reﬂected in the
level of extended product. Extension is eﬃcient if the DFO is not
present during the methylation step (Scheme 1).
A similar set of experiments was performed using yeast
Polη, which is a Y-family polymerase that has a role in the
bypass of 3-mA and/or abasic sites based upon the enhanced
sensitivity to MMS of yeast lacking both Polη and MAG1,
the glycosylase that removes 3-mA [24, 25]. As with T7
Sequenase, full-length product is observed with the Me-
lex treated template in the absence of the DFO or with
the DFO in the absence of Me-lex (Figure 3). There is a
Me-lex dose-dependent block of extended product in the
presence of the DFO with 10 or 20 minutes incubation
times. Unfortunately the bands near the lesion are poorly
resolved so it is not possible to accurately identify where
the block occurs. Without Me-lex, there appears to be a
weak DFO mediated stalling of Polη extension past the A-
tract. This is not observed without the DFO. This raised
the possibility that the stalling of the weakly processive Polη
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Figure 4: Insertion opposite and extension from 3-mA by T7
Sequenase (T7) and Klenow fragment (K) (exo−) polymerases. The
template strand in the absence (−) or presence (+) of the DFO
was treated with 0 or 2.5mM Me-lex as described in Figure 1.
A5  -labeled primer (Table 1, P25) was used that overlaps with
the two 3 -A’s (A-24, A-25) that are not signiﬁcantly methylated
by Me-lex (Figure 1). T7 Sequenase (T7) or Klenow polymerase
exo− (K) was added and the reaction initiated by the addition of
the four dNTPs (0 or 500μM) to determine insertion opposite,
and extension from, 3-mA at 37◦C. The production of extended
product is reduced with Me-lex treatment in the presence of the
DFO.
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DNA (0 Me-lex). There is no indication that G, T or C is inserted
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Figure 6:Theeﬀectof3-deazaadenine(c3A)and3-methyl-3-deazaadenine(3-m-c3A)lesionson(a)T7Sequenaseand(b)Klenowfragment
polymerization.ThetemplatestrandwithanA,c3Aor3-m-c3Aatposition-27(X)wasincubatedfor2.5,5,10or20minuteswithpolymerase
at 37◦C using DNA to enzyme ratios of 200:1 or 20:1 for T7 Sequenase, and 50:1 or 5:1 for Klenow fragment (exo−), respectively. Lanes
with primer-20 + polymerase + template, and primers-20 and -25 (no polymerase or template) are included as markers. There is evidence
for bands indicating stalling of polymerization with the c3A and a quantitative block with 3-m-c3A, which is also reﬂected in the extended
product.
could be explained if the formation of 3-mA stabilized the
short 10bp duplex region formed by the 10nt DFO. To test
this issue, we treated the template strand plus DFO with
2.5mM Me-lex at 5◦C and then determined the eﬀect on the
thermal stability of the DFO-duplex by measuring the TM
(UV using λ260). The results show that the methylation does
not stabilize the duplex formed by DFO (data not shown).
In fact, there is evidence for a slight destabilization of the
TFO; therefore, it is unlikely that stabilization of the DFO
plays a role in the observed stalling of Polη. Regardless, the
DFO may partially contribute to the stalling observed with
Polη. It is also possible that the TLS polymerase is ineﬃcient
in replicating through a repetitive sequence since it primarily
functions as an inserter opposite lesions rather than as an
eﬃcient extender [26].
In order to determine whether any dNTP can be inserted
opposite 3-mA, a primer (Table 1, P25) was prepared that
overlapped with the two A’s (A24, A25) that are not methy-
lated by Me-lex (Figure 1). When the methylated template
was incubated with a mixture of dNTPs, there is a Me-
lex and DFO dependent reduction in extended product for
both T7 Sequenase and Klenow fragment (exo−)( Figure 4).
It should be noted that the DFO, in the absence of Me-lex
treatment, has no eﬀect on the ability of the two polymerases
to produce extended product. In addition, Me-lex causes
a dose-dependent reduction in insertion of T relative to
untreated DNA by T7 Sequenase and there is no evidence
for insertion of any other base opposite 3-mA (Figure 5).
The apparent weak insertion of dTTP opposite 3-mA is, at
least in part, due to the presence of unmethylated DNA (i.e.,
unmethylated A-26 and A-27) in the incubation. In addition,
there is only one 3-mA lesion per strand (i.e., either A-26 or
A-27 will be methylated but not both) so some extension up
to A-26 was expected to be observed.
3.3. Characterization of the Eﬀect of c3A and 3-m-c3Ao n
DNAPolymerizationinaRepetitiveSequence. To corroborate
our studies with Me-lex on the eﬀect of 3-mA on DNA
polymerization, DNA substrates containing an isosteric
surrogate of 3-mA were prepared and used for in vitro
polymerization assays. Speciﬁcally, the phosphoramidites
of the synthesized 3-m-c3-dA [18] and the commercially
available c3A were incorporated into DNA using solid phase
synthesis. The replacement of the minor groove N-CH3
on 3-mA with a C–CH3 in 3-m-c3A eliminates the basic
nitrogen and the potential formation of positive charge on
the aromatic purine ring; therefore, the glycosidic bond
becomes stabilized. The c3A was used as an isostere for A
and to determine the impact of the methyl group on 3-m-
c3A. The c3Aa n d3 - m - c 3A modiﬁcations were individually
incorporated at each of the A’s within the same 5 -CA4C
sequence (Table 1) that was used above.Journal of Nucleic Acids 9
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Figure 7: The eﬀect of the position of the c3A and 3-m-c3A lesions
within the A4 tract on the insertion by T7 Sequenase opposite the
modiﬁcation using 10 or 100μM of the dNTPs. The location of
the modiﬁcation is denoted by the numbering system in Scheme 1.
The primers (Table 1, P23, P24, P25 and P26) stop 1nt before the
position of the c3A or 3-m-c3A modiﬁcation.
The runup assay using T7 Sequenase shows that the
formation of extended product is dependent on the ratio
of DNA template to polymerase: the lower the ratio the
more full-length product (Figure 6(a)). When the c3Ai s
substituted at A-27 it behaves similar to the unmodiﬁed
A, although there is some accumulation of stalled bands
near the modiﬁed residue. In contrast, the 3-m-c3-dA lesion
represents a potent block to the polymerase under all
conditions tested. The block occurs near the site of the
modiﬁcationandthelocationofthebandsindicatesblockage
of the polymerase prior to insertion opposite the 3-m-c3A
lesion. A similar pattern is observed with Klenow fragment
polymerase (exo−)( Figure 6(b)). Clearly, the minor groove
methyl group has a signiﬁcant eﬀect on replication by T7
Sequenase and Klenow fragment polymerase (exo−). The
potential insertion of the diﬀerent dNTPs by T7 Sequenase
opposite 3-m-c3A at position 27 with either a 3 -Co rGw a s
investigated. There is no signiﬁcant incorporation in either
case, except at the highest concentrations of dNTPs (data
not shown). This strongly suggests that it is the insertion
and extensions steps that are blocked by the lesion. The
eﬀect of the position of the lesions within the A4 tract
usingT7SequenasewasdeterminedforthecombineddNTPs
(Figure 7). The 3-m-c3A does not show any positional eﬀect
as it eﬃciently blocks Sequenase polymerase insertion at all
positions in the A-tract. The c3A lesion stalls polymerization
but to a much smaller extent than 3-m-c3A.
Extension from c3Aa n d3 - m - c 3A was determined using
T7 Sequenase. The eﬃciency of extension from c3Aw a s
highest with c3A·T > c3A·A ∼ c3A·C > c3A·G( Figure 8(a)).
In contrast, the extension eﬃciency from 3-m-c3Af o l l o w e d :
∼3-m-c3A·T ∼ 3-m-c3A·G > 3-m-c3A·C > 3-m-c3A·A
(Figure 8(b)). What is unique about the extension of the 3-
m-c3A·G terminus, is that only one G is added, while in
the other cases there is a two base extension since there
are two 3 -C’s. This could result from the 3-m-c3A being
extrahelical due to the instability of a 3-m-c3A·G pairing,
and that the G at the end of the primer pairs with the 3 -C on
the template strand, and it is this structure that is extended
by one nucleotide.
3.4. Characterization of the Eﬀe c to faT H FA b a s i cS i t eo n
DNA Polymerization in a Repetitive Sequence. The eﬀect
of a THF abasic site was studied because Me-lex aﬀords
the same mutational pattern in a variety of DNA repair
background yeast strains, which was consistent with the
intermediacy of an abasic site being the common mutagenic
lesion formed from 3-mA [16]. In contrast to the other
lesions, THF abasic site caused a sequence-dependent bypass
with T7 Sequenase in the runup assay (Figure 9). In all cases,
polymerase extension of the P-20 primer to the lesion is
eﬃcient. However, there is virtually no bypass when the
lesion is substituted at A-24, which is on the 3 -end of the
A4 tract and the ﬁrst base in the A-tract encountered by
the polymerase. As the THF lesion is moved toward the 5 -
terminus of the repeat, bypass becomes more eﬃcient. This
eﬀect is only observed in the exo− polymerase; with Klenow
fragment (exo+) polymerase the THF eﬃciently stalls the
polymerization at each of the four positions (Figure 9).
A similar pattern is observed with Polη in that there is
enhanced bypass of the THF as it is moved to the 5 -
direction of the A-tract at the shorter 10 minutes reaction
time (Figure 10). At the longer incubation time, bypass of
the THF is similar regardless of position of the lesion within
the A-tract. Insertion by T7 Sequenase opposite THF located
at the 5 -position of the A-tract is shown in Figure 11.T h e
eﬃciency of base insertion opposite the THF abasic site at
position-27 follows the order: A > G ∼ T > C.
4. Discussion
Me-lex, which selectively and eﬃciently reacts with native
DNA to form 3-mA, was designed to be a cytotoxic but
nonmutagenic DNA alkylating agent, with the hope that it
could be the prototype of DNA alkylating drugs that are not
carcinogenic [27, 28] .T h ec o m p o u n dr e a c t sw i t hD N Ad u e
to its minor groove binding properties to aﬀord 1,000 fold
more 3-mA than an equimolar concentration of MMS or
DMS [14, 29]. In addition, the methylation selectivity at N3-
A is greater than 90% so that the 3-mA (minor groove) to
7-mG (major groove) ratio exceeds 100:1 as compared to
t h e1:1 0r a t i oo b s e rv e dwi t hD M Sa n dM M S[ 30]. There is a10 Journal of Nucleic Acids
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Figure 8: Extension from (A) c3A·N and (B) 3-m-c3A·N by T7 Sequenase. The template strand containing a c3A or 3-m-c3Aa tA - 2 7w a s
annealed to a 5 -Cy5-primer (Table 1, P27). T7 Sequenase was added and the reactions initiated by the addition of the individual dNTP’s.
Extension is most eﬃcient from c3A·T termini, while extension is similar from the 3-m-c3A·T and 3-m-c3A·G. Note that for 3-m-c3A·G
only one dGTP is added rather than the two observed for 3-m-c3A·T.
strong correlation between 3-mA formation and cytotoxicity
[31, 32]. Moreover, the cytotoxicity is strongly enhanced
in cells lacking the 3-methyadenine glycosylase [16, 25, 33]
or by treatment of repair proﬁcient cells with antisense
oligomers targeted against the glycosylase [34]. These results
suggest that 3-mA is directly toxic to cells as are other base
excision repair intermediates.
The mutagenicity of Me-lex has been recently evaluated
in mammalian Chinese hamster ovary (CHO) cells [35].
The mutation frequency of Me-lex in CHO cells is 2-4 fold
above background at a concentration that reduces survival
to < 10%. In contrast, MMS at a concentration that causes
similartoxicity,resultsina40-foldinductioninthemutation
frequency [36].
In yeast, the rare point mutations that occur in a shuttle
vector system using human p53 cDNA as the target are
observed within A/T rich sequences that are methylated by
Me-lex [15, 16, 37]. However, mutations are rare even at sites
that are heavily methylated by Me-lex so the mutations at the
few hotspots are not simply due to the level of methylation.
Of particular note is a hotspot at a 5 -CAAAAC sequence in
which the two 5-A’s that are targeted for methylation by Me-
lex are mutated: A→T transversions and A→G transitions
[15, 16, 37]. To determine whether 3-mA might be more
eﬃciently bypassed when it is in the 5 -side of an A4 tract,
albeit with high inﬁdelity, we designed our polymerase
studies using the same 5 -CA4Cs e q u e n c e .
It has been assumed, based upon a number of reports
employing DMS, MMS and MNNG, that 3-mA is toxic
because it blocks DNA polymerization [12, 13]. Consistent
with this assumption, Me-lex causes a cell cycle arrest
during S-phase in wild type and AAG−/− ES cells as well as
an increase in sister chromatid exchange [33]. The results
presented herein conﬁrm the assumption that 3-mA is a
potentblockofDNApolymerases,includingPolη,aY -family
polymerase. The block with 3-mA occurs before the lesion
suggesting a problem with polymerase insertion opposite the
adduct.
In a recent study, it was reported that 3-m-c3A, a
stable isostere of 3-mA, located in a nonrepetitive sequence
represented a quantitative kinetic block to puriﬁed human
replicative polymerases Polα and Polδ [17]. This is similar
to what we observe for both T7 Sequenase and Klenow
fragment polymerases. However, it was also demonstrated
that the human TLS polymerases η, ι,a n dκ were capable
of weak (at least 2 orders of magnitude lower) insertion
opposite, and extension from, 3-m-c3-dA. Our studies, using
an A-tract sequence, conﬁrm this ﬁnding for T7 Sequenase
a n dK l e n o wf r a g m e n t( e x o −). In terms of 3-mA, if there is
any insertion opposite, and extension from this lesion by any
of the polymerases, it is certainly ineﬃcient. We appreciate
thefactthatgeneticstudiesindicatethatinvitroexperiments
may not accurately reﬂect the ability of polymerases to by
pass the lesions in vivo [17, 38].Journal of Nucleic Acids 11
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Figure 9: The eﬀect of the position of the THF abasic site lesion
within the A4 tract on the insertion and extension by Klenow
fragment (exo+) (K) and T7 Sequenase (T7). The location of the
THF lesion (X) is shown below the lane. The primer (Table 1, P20)
is shown paired to a partial sequence of the template. There is no
bypass of the THF-modiﬁcation using the proofreading Klenow
polymerase. When T7 Sequenase is used, the extent of stalling and
extended product is dependent on the position of the lesion within
the A-tract.
There has been no study on the eﬀect of c3Ao nD N A
polymerization, although the impact of 3-deazaguanine
(c3G) on a number of polymerases has been reported; c3G
is a block to Klenow fragment because of the removal of
the minor groove nitrogen H-bond acceptor [39–41]. Polη
does not require this contact and it can synthesize past c3G,
albeit with a much reduced eﬃciency [42]. In our studies,
c3A behaves similar to c3G, but is a signiﬁcantly less potent
block to polymerization than 3-m-c3A, which implies the
important steric consequences of the minor groove methyl
group.
For reasons mentioned above, we speciﬁcally looked at
polymerizationpast3-m-c3Aandc 3Alesionswhentheywere
placed at diﬀerent positions within an A-tract sequence. We
foundnoevidencefora positional eﬀectusingT7Sequenase,
Klenow fragment (exo−)o rP o l η in a runup assay. Therefore,
our data do not suggest that the mutations produced by
Me-lex within the A4 tract are due to sequence dependent
P
r
i
m
e
r
t
e
m
p
l
a
t
e
Extended
product
P
r
i
m
e
r
P
2
0
+
p
o
l
y
m
e
r
a
s
e
P
r
i
m
e
r
P
o
s
.
2
4
P
o
s
.
2
5
P
o
s
.
2
6
P
o
s
.
2
7
P
o
s
.
2
4
P
o
s
.
2
5
P
o
s
.
2
6
P
o
s
.
2
7
10 20
—
—
—
5
T
A
C
C
C
C
A
G
C
3
C
G
T
G
A
T
G
C
5
A-27
A-26
A-25
A-24
.
.
.
.
.
.
.
.
.
Figure 10: The eﬀe c to ft h ep o s i t i o no ft h eT H Fa b a s i cs i t e
lesion within the A4 tract on the insertion and extension by Polη.
Templates containing THF abasic site at diﬀerent positions within
the A-tract were synthesized and extended using yeast Polη for 10
to 20 minutes in the presence of 100μM dNTPs. In the 10 minutes
incubation, the formation of extended product is dependent on the
positionoftheTHFlesion.Eﬃcientby-passofthelesionisobserved
with the longer incubation time.
bypass of 3-mA. Because our mutation studies with Me-lex
in yeast indicated a common pattern with defective base
excision repair mutants, including mag1, apn1apn2 and
mag1apn1apn2, we hypothesized that abasic sites formed
from the hydrolytic or enzymatic depurination of 3-mA
were responsible for the mutations [16]. Accordingly, we
investigatedthesequence-dependentby-passofaTHFabasic
site at the diﬀerent positions within the A4-tract. There is
a clear enhancement in bypass by T7 Sequenase and Polη
as the lesion is moved from the 3 - to the 5 -side of the
A-tract (Figures 9 and 10). This eﬀect was observed with
polymerases that lack exonuclease activity; polymerase with
exoactivity stalls at the THF site regardless of its position in
the A4 tract. As predicted by the A-rule, there is preferential
insertion of dATP opposite the THF [26, 43–45]. The
more eﬃcient bypass of THF when it is located toward
the 5 -side of an A-tract by a Y-family polymerase lacking
exoactivity, may be one component of the sequence-speciﬁc12 Journal of Nucleic Acids
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Figure 11: Preferential insertion of the individual dNTPs opposite
a THF abasic site located on the 5 -terminus (A-27) of an A4 tract
by T7 Sequenase. The dNTP concentrations used were 0.005, 0.5, 5,
50 and 500μM (for dATP the 500μM concentration is not shown).
Lanes with no added dNTP and with all dNTPs are included.
dATP and dGTP are most eﬃciently inserted opposite the THF
lesion.
A→T mutation pattern induced by Me-lex that is the same
in yeast lacking Mag1, Apn1/Apn2, and Mag1/Apn1/Apn2
activity [16]. Certainly, the weak, albeit sequence selective
mutagenicity observed in vivo, can involve bypass of 3-mA
and/or AP sites by other TLS polymerases and polymerase
cofactors. Accordingly, the error free and error prone bypass
of 3-mA via recombination pathways is under investiga-
tion.
In summary, 3-mA, similar to that previously observed
for 3-m-c3A[ 17], is a strong block of DNA polymerization.
In comparison, c3A in which the basic nitrogen has been
deleted but which lacks the methyl group has less of an
eﬀect on DNA polymerization. This indicates that the
hydrophobic methyl group may sterically block critical
interactions with the polymerases, including the Y-family
polymerase Polη. The inability of polymerases to eﬃciently
bypass 3-mA is consistent with the high toxicity and low
mutagenicity of Me-lex [15, 16, 32, 37, 38]. The observation
that there is a strong sequence-dependency in the bypass
of THF within the A4 sequence by polymerases lacking
exonuclease activity, for example, Polη, may explain the
common sequence speciﬁc mutation pattern induced by
Me-lex in a number of base excision repair backgrounds.
Whether any of the other bypass TLS polymerases may be
involved in the weak mutagenicity of Me-lex is also under
investigation.
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THF: Tetrahydrofuran abasic site.
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